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New Diamond Forum: ‘Low Temperature Growth 
of Diamonds’ 


Low-Temperature Synthesis Mechanism of CVD 
Diamond 


94FE0356A Tokyo NEW DIAMOND FORUM 
in Japanese 13 Oct 93 pp 16-21 


[Article by Hiroshi Komiyami, Manabu Ihara, Nobu- 
haru Yamaguchi, Faculty of Engineering, Tokyo Univer- 
sity; first of two selected articles from FY93 New Dia- 
mond Forum Subcommittee Conference held 13 Oct 93, 
in Tokyo} 


| Text] 


1. Introduction 


Thin-film diamonds obtained with the CVD method 
have been considered for use as surface protection films, 
semiconductor devices, electric insulation films, and 
radiative substrates in order to take advantage of some 
of the excellent properties of diamonds, such as high 
degree of hardness, high thermal conductivity, and high 
insulation capability. Previously, CVD diamond syn- 
thesis had been carried out with high substrate temper- 
atures of 600-900°C. 


The authors have successfully developed a new, hot- 
filament CVD diamond synthesis method with a low 
substrate temperature of 135°C by generating many H 
radicals (known to play a key role in diamond synthesis 
by providing diamond growth sites and selectively 
etching graphite components) on the surface of the 
filament, which was kept at a high temperature (above 
2,500°C).' The new method makes it possible to synthe- 
size diamonds with a broader substrate temperature 
region. Therefore, the authors investigated the tempera- 
ture dependence of the diamond growth rate in the 
hot-filament CVD method in a wide substrate tempera- 
ture region and analyzed the diamond growth mecha- 
nism from the standpoint of the chemical reaction rate. 


2. Activation Energy in Diamond Synthesis 


Various values ranging from 10 kcal/mol to 25 kcal/mol 
have been reported?’ for the activation energy in dia- 
mond synthesis at high substrate temperatures above 
600°C. According to Haung et al.,'° their quantum 
mechanical calculations yielded 17.4 kcal/mol for the 
activation energy for the reaction to extract hydrogen 
from the surface of a growing diamond film by H 
radicals in the vapor phase. Therefore, it is generally 
conjectured that this hydrogen extraction reaction is the 
rate-determining reaction for diamond synthesis. How- 
ever, if the same activation energy values (10-25 kcal/ 
mol) also hold in diamond synthesis at a low substrate 
temperature, the diamond growth rate will be extremely 
slow. For example, assuming an activation energy value 
of 15 kcal/mol, the diamond growth rate at a substrate 
temperature of 135°C will be less than 10°° times the rate 
(approximately Iym/h) at a substrate temperature of 
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Figure 6. Actually Observed Activation Energy 
Key: 1. 20 times 





700°C (see Figure 6). This growth rate signifies that, in 
practice, no growth of diamonds will essentially be 
observed at a substrate temperature of 135°C. In order to 
study the mechanism of diamond synthesis, it is vital to 
identify activation energy values through high to low 
substrate-temperature regions. Kamo et al. previously 
reported® activation energy values of 13-14 kcal/mol ina 
substrate temperature range 300-900°C for diamond 
synthesis in the microwave plasma CVD method. 


3. Experimental 


As outlined in Figure |, the apparatus used in the present 
study was the type ordinarily used in the hot filament 
CVD method. The filament temperature for each exper- 
iment was controlled by varying the input power to the 
filament. The substrate temperature was controlled, 
independently from other CVD parameters, by cooling 
water running through the substrate holder and a heater, 
and diamond polycrystals were synthesized with a sub- 
strate temperature controlled in a range of 210-700°C. At 
each substrate temperature, three to four experiments 
were carried out with various deposition times. After 
each experiment, SEM (scanning electron microscope) 
photographs were taken to measure crystal grain sizes 
(more than 50 grains) and nucleation density. Experi- 
mental conditions are given below. 


Experimental conditions: 
Substrate temperature, 210-700°C 


Input power to filament, 150-160 W (filament 
temperature: 2,700 +/- 20°C) 
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Figure 1. Experimental Apparatus 





Total pressure, 50 Torr 
Raw material gas, CH,/H, = 0.5% 


Substrate, Si (pre-treated with diamond pol- 
ishing) 


Substrate-filament distance, 4mm 


4. Experimental Results 


The average size of diamond crystalline particles depos- 
ited on the substrate at various temperatures is plotted 
against the deposition time in Figure 2. Regardless of the 
substrate temperature, the curves in the graph sh ° the 
incubation periods before the particle size begins to 
increase in a nearly straight line with the deposition 
time. The slope of each line gives us the growth rate at 
each substrate temperature, and the growth rates are 
Arrhenius-plotted in Figure 3. Apparent activation 
energy values decreased from 5 kcal/mol to | kcal/mol as 
the substrate temperature decreased from 700°C to 
210°C, 1.e., the activation energy values were consider- 
ably lower than the 10-25 kcal/mol reported by other 
researchers.”~” This fact raised the possibility that the 
diamond growth mechanism in a substrate low- 
temperature region (particularly, below 400°C) would be 
different from the mechanism in a high-temperature 
region (above 600°C). 


Next, changes in nucleation density with time were 
measured for each substrate temperature. As a result, the 
nucleation density was found to remain essentially con- 
stant at approximately 108 cm” for the substrate tem- 
perature in the 210-530°C range. At substrate tempera- 
tures of 600°C and 700°C, the nucleation densities 
changed with time, although the densities were slightly 
lower than that at other substrate temperatures. These 
differences in the nucleation densities have not yet been 
thoroughly studied. 
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Figure 2. Particle Size Change with Time 





It has already been reported® that in diamond synthesis, 
the ratio of the growth rates of the (111) face to that of 
the (100) face changes with the substrate temperature-— 
i.e., the (100) face grows faster at a lower substrate 
temperature, whereas the (111) face grows faster at a 
higher substrate temperature. SEM photographs are 
shown in Figure 4 for diamonds synthesized at substrate 
temperatures of 250°C and 700°C. At a substrate tem- 
perature of 250°C, the growth rate of the (100) face was 
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Figure 3. Growth Rate vs. Substrate Temperature 
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Figure 4. SEM Photographs 





faster, so the crystalline shape was octahedron with the 
well-grown (100) face. At a substrate temperature of 
700°C, the growth rate of the (111) face increased to 
make the crystalline shape hexa-octahedron with both 
(100) and (111) faces well developed. 


5. Discussion 


In the low substrate temperature region of 210-700°C, 
the growth rate of diamond crystals practically remained 
constant and did not show the Arrhenius-type relation- 
ship. There are two possible explanations for this. 


(1) Different main growth species in different temperature 
regions 


We assume that there are two different growth species, A 
and B, which require activation energy values E,.,, and 
E,..2, respectively, for their reactions leading to ultimate 
diamond synthesis, and E,.,, < E,..2. The reaction rate 
constant increases more with the temperature increase if 
the activation energy is higher. In the low-temperature 
region, A is the main growth species, although, as the 
reaction temperature increases, the diamond growth rate 
by B with the higher activation energy is promoted. 
Thus, the actual reaction rate varies with the tempera- 
ture as shown in Figure 5. 


(2) Substrate temperature-dependent composition of gas- 
phase species on substrate surface 


On the surface of a substrate, the concentration of each 
of the gas-phase species, such as H, CH, and C,H), 
which are necessary for diamond synthesis, should 
depend upon the substrate temperature, because the 
temperature distribution in the gas phase and the reac- 
tion (disappearance and adsorption) probabilities of the 
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Figure 5. Temperature Dependence of Growth Rate 
When Two Different Growth Species Exist in Different 
Temperature Regions 





gas phase species at the substrate surface change with the 
substrate temperature.''"'? Therefore, even if the dia- 
mond growth rate is given by the following equation 


G.R. = ky x exp(-E,../RT) x CH Cy,owth species (*) 


the diamond growth rate as well as the apparent activa- 
tion energy should be significantly affected by the sub- 
strate temperature, when CH and C,,..., species are 
severely affected by the temperature. This point was 
further studied with the analysis by the program, Fluent, 
as discussed below. 


6. Analysis by Fluent 


As mentioned earlier, the activation energy for hydrogen 
extraction by H from the diamond surface in a growth 
process is 14.7 kcal/mol, according to the quantum 
mechanical calculations by Haung et al.'° Assuming that 
the H extraction reaction at the diamond surface in a 
growth process actually requires this level of energy, say, 
15 kcal/mol, and further assuming that the reaction 
probability, n, of H at 700°C to be fro9-- = 0.1, we obtain 
Nosovc = 2.0 x 10% at 250°C. Using the fluid analysis 
program, Fluent, and assuming a two-dimensional cylin- 
drical model, compvtation was carried out for a hydro- 
gen-only system to find out how much difference in the 
H concentration at the diamond surface can be made by 
the difference in the reactivities of H at the surface. 


¢ Vapor phase reaction: 
H + H + M — H, + M (where M can be H, or H) 


The rate equation for this equation, rg (mol/m’s) is 
expressed as follows: 


rg = (9.7 x 10*)T°*® x CH,? x CM 
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¢ Surface reactions: 

H(g) — H(s), attachment process 
H(s) + H(s) — H,(s), reaction process 
H,(s) — H,(g), detachment process 


Let n be the disappearance probability of H at the 
surface, and the surface reaction rate equation, rs (mol/ 
m’s) is given as follows: 


rm=%CHxuxy 
where v is the average kinetic speed. 
¢ Calculation results 


The mol fraction of H at the substrate surface was 
obtained from the mol fraction distribution for H to be 
0.009 at 700°C and 0.18 at 250°C. Therefore, even if the 
diamond growth rate is simply given by Eq. (*), and the 
activation energy of 15 kcal/mol is involved in the H 
extraction reaction, the actual growth rate should be 
temperature-dependent, as shown in Figure 6, because 
CH at 250°C is approximately 20 times greater than CH 
at 700°C. In this case an apparent activation energy 
value of 9 kcal/mol is obtained. 


7. Conclusion 


The temperature dependence of the diamond crystal 
growth rate was studied with the hot-filament CVD 
method in a substrate temperature region of 210-700°C. 
As a result, the apparent activation energy was found to 
decrease from 5 kcal/mol to | with decreasing substrate 
temperature. These values were considerably lower than 
the previously reported values obtained with a high 
substrate temperature region. 


8. Future Plans 


Experimental systems used by other researchers to report 
activation energy values will be reproduced by Fluent, 
and the true significance of each reported activation 
energy will be examined. The temperature dependence 
of the diamond growth rate in the present experimental 
system will be further examined by altering such param- 
eters as substrate-filament distance and filament temper- 
ature. Finally, a diamond growth mechanism that can 
explain all of the above results will be proposed. 
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[Article by Akimitsu Hatta, Akio Hiraki, Faculty of 
Engineering, Osaka University; second of two selected 
articles from FY93 New Diamond Forum Subcommittee 
Conference held 13 Oct 93, in Tokyo] 


[Text] 


1. Introduction 


It is difficult to select an appropriate substrate material 
for ordinary diamond thin-film synthesis that is carried 
out at temperatures above 800°C. Several reports have 
been published'? to describe attempts to lower the 
synthesis temperature, because, if successful, the method 
can be applied in a much wider range of fields. At the 
same time, if the method is to be industrialized, it needs 
to permit the preparation of large, uniform, high-quality 
diamond thin films at a practical, fast growth rate. 


The vapor-phase reaction processes in the plasma CVD 
method are extremely complicated and are not readily 
comprehensible. They can be roughly separated into 
three stages. In the first stage, raw-material gas molecules 
such as CH, or alcohol collide with electric- 
field-energized electrons to undergo excitation, dissoci- 
ation, and/or ionization. In the second stage, radicals 
and excited species that are produced as a result of the 
reactions in the first stage undergo further reactions. In 
the last stage, reactions on the surface of a substrate take 
place. It is possible to control the first-stage reactions by 
electric energy given to the plasma and to control the 
second-stage reactions by the gas glow and the vapor 
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Fig. 1. (a) Construction of magnetic-field microwave plasma CVD device, and (b) axial magnetic-field intensity distri- 
bution in axial direction 


Key: 1. Air-core magnetic coil 2. Reaction chamber 3. Plasma-generation chamber 4. Coolant 5. Substrate 6. 
Magnetic-field intensity (kG) 7. Distance from microwave inlet window (mm) 





residence time, although, in both cases, the lower the 
pressure, the easier it is to control the reactions. 


Magnetic-field microwave discharge that constrains elec- 
trons with a magnetic field can generate stable plasma at 
low pressure. Moreover, the discharge can yield po 
density higher than the cutoff density (7 x 10' 

when a strong magnetic field exceeds the ECR eats 
cyclotron resonance) conditions (875 G at 2.45 GHz). 
Specifically, at pressures below 107 Torr, the mean free 
path of electrons becomes sufficiently long to enhance 
the resonance heating effect, and, as a result, many 
electrons with energies higher than 10 eV will be gener- 
ated (ECR plasma). This feature of the magnetic-field 
microwave discharge method—the ability to selectively 
supply energy to electrons—is advantageous for control- 
ling reactions of the first stage. Although a raw-material 
gas is excited or decomposed by heated electrons, it is 
comparatively easy to maintain a substrate at a low 
temperature, because ECR plasma with the energy of 
electrons promotes the decomposition of the gas mole- 
cules more effectively than ordinary RF plasma; the gas 
temperature does not increase appreciably, because of a 
low collision frequency. Based on the above discussion, 
it is considered to be more advantageous to use mag- 
netic-field microwave discharge for diamond film syn- 
thesis at low temperatures than to use nonmagnetic-field 
microwave discharge. 


The authors previously reported that high-quality dia- 
monds could be synthesized at a temperature of approx- 
imately 400°C when oxygen-containing hydrocarbon or 
rare gas was used with the magnetic field microwave 
plasma CVD method.’ However, even without direct 
heating of the substrate, its temperature automatically 
increased to approximately 400°C as a result of radiation 
from plasma. Thus, forced cooling was instituted inside 
the substrate holder by circulating a coolant, and dia- 
mond synthesis was successfully confirmed at a substrate 
temperature below 100°C. 


2. Experimental Apparatus 


The magnetic-field microwave CVD device and the 
magnetic-field distribution are shown in Figure |. 


Microwaves, led by a wave guide, enter the plasma- 
generation chamber from a quartz window. By intro- 
ducing microwaves from the strong magnetic-field side 
(stronger than the resonance condition of 875 G), the 
reflection of microwaves by plasma is prevented, and the 
waves are efficiently absorbed by the plasma at a posi- 
tion that satisfies ECR conditions. When pressure 
increases to approximately 0.1 Torr, microwaves tend to 
be absorbed by the plasma also in a strong magnetic-field 
region before the ECR region to generate high-density 
plasma. Therefore, a strong magnetic field is necessary to 
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efficiently introduce microwaves to the plasma- 
generation chamber. The particular device used by the 
authors was able to generate a maximum magnetic 
strength of 2.2 kG. When microwave electric power of 
1.2 kW and 0.1-Torr hydrogen gas are used, high-density 
plasma of | x 10'' cm”? was obtained. The substrate 
holder, with an outer diameter of 75mm and an inner 
diameter of 70mm, was made of stainless steel, and it 
was possible to circulate a coolant (ethylene glycol) at 
-10°C to 70°C at a rate of 10 l/min. 


Conditions for Diamond Thin-Film Synthesis 


A gas mixture containing 25 vol-percent methanol and 
either hydrogen or rare gas (helium or argon) was used 
for the raw-material gas (hereinafter called cither 
hydrogen- or rare gas-based). Methanol is a hydrocarbon 
gas containing oxygen that suppresses the precipitation 
of an amorphous layer as a result of temperature 
decrease. Generally, hydrogen is frequently used as a gas 
diluent, although it is disadvantageous to use hydrogen 
to try to increase the plasma density, because hydrogen 
discharge wastes energy in auto-dissociation of hydrogen 
itself. In contrast, rare gas is more advantageous for 
high-density plasma generation because of the presence 
of many atoms in a metastable state. Atomic hydrogen 
has been said to be indispensable for the vapor deposi- 
tion of diamonds, and rare gas itself can deliver 
hydrogen atoms. 


A substrate made of an Si wafer that had been scratched 
with approximately 40-um-sized diamond abrasive 
grains was installed in the position to satisfy the ECR 
conditions. Diamond-film synthesis was carried out 
under a reaction pressure of 0.1 Torr and microwave 
electric power of 1.2 kW. The temperature of the sub- 
strate was measured not only with a thermocouple, but 
also with a thermo-label that was attached to the sub- 
strate surface specifically when the substrate was being 
cooled. The substrate temperature settled down to a 
constant temperature in approximately 30 minutes after 
the beginning of the film formation. Various substrate 
temperatures are listed in Table | for different reaction 
gases and coolant temperatures. 





Table 1. Substrate Temperatures Under Cooling (0.1 
Torr, microwave electric power 1.2 kW) 




















Reaction gas Coolant temperature Substrate tempera- 
(°C) ture (°C) 
CH30OH (25%) + Ar Without cooling 380°C) 
-10 80 
70 150 
CH30H (25%) + He -10 90 
CH 30H (25%) + H2 -10 100 











The substrate was heated to approximately 380°C 
without cooling for the CH ,OH/Ar reaction gas mixture, 
although it was cooled to as low a temperature as 80°C by 
circulating the -10°C coolant. It was possible to control 
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the substrate temperature at various levels within a range 
of 80-180°C, depending on the makeup of the reaction 
gas mixture, by controlling the temperature of the 
coolant. Without the cooling, the substrate temperature 
was also controllable at a temperature above 380°C. 


4. Evaluation of Films 
(1) Film quality 


SEM observation of synthesized films revealed that 
diamond thin-films with clear automorphism were 
obtained from the hydrogen-based gas mixture at 420°C, 
although crystal grains that were aggregates of microc- 
rystals and had no clear automorphism were obtained at 
100°C. On the other hand, smooth films like the one 
shown in Figure 2 were obtained without such a signifi- 
cant morphological change going from higher to lower 
temperature from the rare gas-based gas mixture. [Figure 
2 not reproduced here] 


X-ray diffraction of these thin films showed that they 
were all polycrystalline diamond thin-films by the pres- 
ence of peaks corresponding to the (111) and (220) faces 
of the diamond. From the peak corresponding to the 
(111) face, the crystallite sizes were calculated for the 
thin films by the Scherer equation. They are tabulated in 
Table 2. 





Table 2. Sizes of Crystallites in Synthesized Films (syn- 
thesis under pressure of 0.1 Torr and with microwave 
electric power of 1.2 kW) 











Reaction gas mixture Coolant temperature, Without cooling 
-10°C 

CH3OH (25%) + 40-50 angstrom 50-70 angstrom 

rare gas 

CH30OH (25%) + H2 _ 90-110 angstrom 











When films were synthesized at a substrate temperature 
higher than 400°C, the crystallite sizes in the films made 
from the rare gas-based reaction gas were much smaller 
than the same in the films made from the hydrogen- 
based gas. The smaller crystallites in the films made from 
the rare gas-based reaction gas were further made smaller 
when the substrate was cooled. 


Since XPS had been known to be effective in evaluating 
the quality of microcrystalline diamond thin-films,* it 
was used to evaluate the synthesized diamond thin-films 
in this study. Shown in Figure 3 are the Cls and valence 
band spectra for the films obtained with the cooled 
substrate. 


In the valence band spectra, the films obtained with 
various reaction gas mixtures all show the peak corre- 
sponding to the diamond structure at 19 eV, 14 eV, and 
9 eV, respectively. Upon cooling of the su strate, in 
addition to the peak corresponding to the diamond's 
C-C,, bond, each of the Cls spectra shows the peak that 
indicates bonding with oxygen on the high-bond-energy 
side and the more pronounced O!s peak. 
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Fig. 3. Cis and valence band spectra from XPS of diamond thin-films prepared with coolant temperature of -10°C 
(0.1 Torr and microwave electric power of 1.2 kW) 


Key: I. C-C, bond 2. C-O bond 3. CH,OH (25%) - Ar, substrate temperature of 80°C 4. CH,OH (25%) - He, substrate 
temperature of 90°C 5. CH,OH (25%) - H,, substrate temperature of 100°C 6. Valence band spectra 7. Bond energy (eV) 





(2) Growth rate 


In Figure 4, the film growth rate is plotted against the 
substrate temperature for each of the three films dis- 
cussed above. 


The diamond film growth rate decreased with decreasing 
substrate temperature, falling at a substrate temperature of 
{00°C to approximately one-tenth the rate of 400°C. Also, 


the growth rate was greatest with the reaction gas containing 
Ar, the next fastest growth rate was observed with the film 
made from the gas mixture containing He, and the film 
synthesis was slowest with the H,-containing reaction gas 
for the entire region of substrate temperatures. These dif- 
ferences in the growth rates of the films made from different 
reaction gases are correlated with the plasma densities 
obtained from these gas mixtures. 
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Fig. 4. Dependence of diamond film growth rate upon substrate temperature 


Key: 1. Growth rate (um/h)}—2. Substrate temperature (°C) 





The plasma emission spectra of these reaction gas mix- 
tures are given in Figure 5. The intensities of the plasma 
emission spectra from the rare gas-based mixtures are 
several times greater than that from the hydrogen-based 
mixture, and the strong emission of hydrogen atoms that 
have been liberated from the reaction gas mixtures can 
be seen in the spectra from the rare gas-based mixtures. 


5. Summary 


Diamond thin-films were synthesized with the magnetic 
microwave plasma CVD device in which the substrate 
could be cooled by a circulating coolant. The experi- 
ments revealed the following. 


(i) Confirmation was made that diamond thin-films could 
be synthesized at a substrate temperature below 100°C. 


(2) With lower substrate temperatures, the formation of 
microcrystalline diamond and the presence of oxygen in 
the films were observed. 


(3) The growth rate dropped to approximately one-tenth. 


These changes, due to the lowering of the substrate 
temperature, are conjectured to have been caused by the 
lowering of the reaction energy at the substrate surface. 
At present, the authors are attempting to increase the 
film growth rate and further lower the film synthesis 
temperature (with a target of room temperature). 
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Wider Applications for Plastic Optical Fibers Sought 
94FE0519A Tokyo NIKKEI MATERIALS & 
TECHNOLOGY in Japanese Feb 94 pp 56-63 


[Text] Growth in the plastic optical fiber (POF) market 
has dropped off, so new applications for POFs are now 
being sought. PMMA (polymethyl methacrylate) POFs 
started out in the past as decorations, but iheir uses 
expanded into other fields such as light guides (for 
optical transmission) and sensors. Now heat-resistant 
grade POF products are continually appearing on the 
market. These are targeted for the auto industry, which 
offers a much greater market. Moreover, new uses have 
been developed in the communications and decoration 
fields for standard grade POFs, and it is hoped that these 
developments will ignite an expansion of the market. 
Can the market really break out of its current slump? 
This report discusses the latest trends for POFs. 


Heat-resistant grade POFs, which can be used at temper- 
atures as high as 125°C, which is 40°C higher than 
standard grade POFs, are now appearing as commercial 
products (Table 1). In 1993 alone, new products were 
developed by Furukawa Electric, Toray, and Japan Syn- 
thetic Rubber. Looking back over the past two to three 
years, products have been introduced by industry leaders 
such as Mitsubishi Rayon, Asahai Chemical Industries 
and Hitachi Cable, so now there are about 10 companies 
that have developed heat-resistant POFs. 
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Key: 1. Emission intensity—2. Wavelength (NM) 
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Table 1. Heat-Resistant Grade POFs Either Commercially Available or Shipped as Samples 


(Based on NIKKEI MATERIALS & TECHNOLOGY Investigation) 


























Maker Core Lined ig, Heat Resistance Transmission | ess (4B/ Price(¥ /m) 
Temperatere (C) it )) 
Mitsubishi Rayon | Undis:iosed Fluororesin 125, 135 600 (770 nm) 10-20% higher than PMMA 
Toray Acr sic copolymer Heat-resistant 125 400 (650 nm) Roughly double PMMA 
resin price 
Asahi Chemical Polycarbonate Fluororesin 125 700 (660 nm) Roughly double PMMA 
price 
Hitachi Cable Thermosetting silicone Fluororesin 150 below 1000 (660 nm) 500 
Thermosetting acrylic Fluororesin 130 below 1000 (660 nm) 300 
Furukawa Electric | Undisclosed Fluororesin 145 600 (660 am), 450 (760 nm) | 49 times PMMA price 
Japan Synthetic Norbornene resin Fluororesin 150 below 1000 (660 nm) 60-100 (when mass pro- 
Rubber duced) 
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Optical fibers consist of a core that carnes the signal and 
a cladding that encloses the core, and the heat resistance 
of POFs is determined by the performance of the resin 
used in the core. Individual companies are striving to 
increase heat resistance by developing their own types of 
resins. For example, Toray is using an acrylic copolymer, 
Japan Synthetic Resin is using a polyolefin norbornene 
resin and *o on. 


Naturally, the reason for this trend lies in the fact that 
the marketability of heat-resistant grades 1s very attrac- 
tive. The applications will be in fields wich strict require- 
ments for environmental resistance, but in the words of 
Hitachi Cable’s Technology Development Division, 
“The target is almost exclusively the auto industry.” 


Slowdown in Market Growth 


Underlying the vigorous activity to commercialize heat- 
resistant POFs is the harsh reality of the POF market. 
According to a study by the Optoelectronic Industry and 
Technology Development Association, total production 
of POFs (consisting mainly of standard grade POFs) on 
a cash basis was ¥ 4.75 billion in 1990, ¥ 4.85 billion in 
1991 and ¥ 5.17 billion in 1992. Production was mostly 
by three companies—Toray, Asahi Chemical, and Mit- 
subishi Rayon, which holds more than a 50 percent share 
of the market. However, because this is a small market, 
it appears that the profit fur each of these companies was 
not very great. Moreover, over the past two to thrve years 
the market has shown only single-digit growth rates, 
which amounts to a slump. 


The uses of standard grade POFs can be classified into 
three major fields—decoration, including illumination; 
light guides (Figure | [not reproduced]) such as optoelec- 
tronic sensors and CCD (charge coupled device) camera 
lighting: and short distance communications for audio 
systems and for factory automation and machine tool 
applications. At present each field accounts for about 30 
percent of the business. Yasuo Suzuki (Manager, Optical 
Fiber Systems Department at the major optical fiber 
manufacturer Moritex Corporation in Shibuya-ku, 
Tokyo) says, “Standard grade POFs have entered 
already almost every field in which they can be used.” 
The market may become saturated if new applications 
are not developed. 


However, this crisis will be overcome if POFs can be 
used in the auto industry. Let us suppose that 10 meters 
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of POF can be used on each car manufactured in Japan. 
If we assume a yearly production of 10 million cars and 
the price of the POFs to be ¥ 100/meter, POF production 
for the auto industry alone will be ¥ 10 billion on a cash 
basis, which 1s double the current POF market. POF 
makers are convinced that the future of POFs depends 
on whether they are used in the auto industry or not. 


Use in Autos Determined by Heat-Resistant POFs 


The most promising application of optical fibers in the 
auto industry will be for LANs (local area communica- 
tion networks). Al present the engine, transmission, and 
suspension are under separa.e electronic conirols, and 
the various control circuits are connected by copper, 
twisted pair cables. Therefore, the wiring has become 
extremely complex, and in luxury cars the weight of the 
wire harness alone exceeds 30 kg. 


Optical LANs exercise control through a signal circuit by 
using multiplexing. If the wire harness can be combined 
with optical fibers. not only will its weight be greatly 
reduced, but also many of the difficulties involved in 
installing the wiring during the production process will 
be eliminated. Masao Sakata (Assistant Manager, Elec- 
tronics Laboratory, Nissan Motor Company Research 
Laboratories) says. “This would not only reduce the 
weight by as much as 10 kg, it would also have a major 
cost-cutting effect.” 


However, POFs must be able to withstand very harsh 
environmental conditions before they can be used in 
auto engine room wiring. Mr. Sakata says, “They must 
have a heat resistance of at least 120°C.” Other than 
POFs, there are quartz glass optical fibers that are used 
in long-distance communications, and their cores can 
withstand temperatures exceeding 1000°C, so for them 
hot environments do not pose a problem. However, they 
break easily because they are made of glass, and are thus 
not suitable for wiring applications with many bends and 
turns such as the inside of an engine room. They also cost 
10 times more than POFs. 


Not only can POFs be bent into curves with radii of only 
a few millimeters, but with their 1mm diameter they are 
much thicker than quartz glass fibers. and therefore 
much easier to connect. That is why heat-resistant POFs 
offer great promise as cables for auto optical LANs. 
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Advantages and Disadvantages in Performance 


The important properties of heat-resistant POFs are 
their resistance to environmental conditions and their 
transmission characteristics. The cores of the first heat- 
resistant POFs developed around 1990 were made of 
polycarbonate, thermosetting silicone resin and other 
materials. Companies that sold polycarbonate POFs 
with a heat resistance of 125°C included Asahi Chemical 
and Fujitsu Chemical (based in Yokohama). Because 
their water absorption coefficient is 0.2 percent, only 
half the 0.4 percent of PMMA, they absorb less water 
than PMMA in high-humidity environments, and their 
transmission properties are degraded less. 


On the other hand, because they have double bonds in 
their 1 .0lecular structure that absorb in the short wave- 
length range of visible light, the output light from these 
POFs appears yellow. Moreover, their light transmit- 
tance is somewhat lower than PMMA, and the transmis- 
sion loss at a wavelength of 650 nm is about 800 dB/km, 
much more than the 150 dB/km for PMMA. 


Moreover, the silicone resin used in the cores from 
Hitachi Cable and other companies have high heat 
resistance because they are thermosetting resins rather 
than the thermoplastic resins used by other companies. 
Their heat resistance is a respectable 1000 hours at 
180°C and 5000 hours at 150°C. However, they have low 
light transmittance because they are crosslinked resins, 
and their transmission loss is 1000 dB/km, which is 
poorer than polycarbonate. Furthermore, because they 
are thermosetting resins, they require special manufac- 
turing methods. With thermoplastic resins, after the 
resin raw material is melted and spun, the fibers harden 
naturally when they cool. However, with thermosetting 
resins, a heating process is necessary for hardening after 
the silicone is injected into the fluororesin cladding tube. 
As a result, according to a spokesman from one of the 
fiber manufacturers, the general opinion is that “ther- 
mosetting resins have lower productivity than thermo- 
plastic resins, so higher costs are unavoidable.” 


Improved Core Resin Yields Higher Performance 


The heat-resistant POFs developed in 1993 showed 
improvements over the drawbacks of polycarbonate and 
silicone resins. 


In July, 1993, Furukawa Electric introduced a POF 
product with a heat resistance of 145°C that uses a 
special thermoplastic resin for its core (Figure 2 [not 
reproduced]). Shinichi Irie (Director, Wiring Material 
Lab, Research Department, Optical Technology Labora- 
tory, Furukawa Electric) emphasizes the improvements 
in heat resistance in saying, ‘“When silicone-based resins 
are left in a hot, humid environment, they absorb 
moisture and the transmission loss increases. When left 
for 500 hours at 80°C in 95 percent relative humidity, 
the transmission loss of silicone-based resins increases to 
1500 dB/km. The POF we developed strongly resists 
heat and humidity, and shows a transmission loss of only 
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Key: |. Figure 3. Heat and humidity resistant POF 
developed by Furukawa Electric. Transmission loss 
increases when left at 80°C and 95% R.H. Even over long 
periods of time, the increase in transmission loss does 
not surpass 0.2 dB/m. 2. Increase in transmission loss 
(dB/m) 3. Treatment time (hours) 





200 dB/km under the same conditions” (Figure 3). 
Moreover, at 660 nm, the transmission loss is 600 
dB/km, which is better than for polycarbonate. 


On the other hand, Japan Synthetic Rubber developed a 
POF jointly with Fujitsu Chemical and Fujitsu Ltd., and 
began shipping samples in April 1994. The core is 
ARTON, a norbornene-based synthetic resin developed 
by Japan Synthetic Rubber. This POF has a heat resis- 
tance of 150°C, and because the birefringence of this 
material is less than that of polycarbonate, its loss of 
optical output is only 0.6 dB, compared with the 1.2 dB 
of polycarbonate-based resins, when it is bent in a curve 
with a 5mm radius. Moreover, because the molecular 
structure contains no double bonds, its absorption of 
visible light in the short wavelength range is slight, so its 
Output is white light. However, because it has a large 
transmission loss of 1000 dB/km, there is still room for 
improvement. 


Toray finished development of a heat-resistant POF in 
Fall 1993 that uses an acrylic copolymer for the core. It 
has a heat resistance of 125°C, about the same as 
polycarbonate products, but because it uses an acrylic- 
based resin with superior light transmittance, the trans- 
mission loss is only 400 dB/km, which is the best among 
currently available heat-resistant grades. Generally 
speaking, when the heat resistance of a resin is increased, 
its light transmittance drops, so it is difficult to achieve 
both good heat-resistance and low transmission loss. 
Toray has managed to strike a balance between these 
two. A Toray spokesman explains, “‘Automakers want a 
transmission loss of 400 dB/km. Even with a transmis- 
sion loss of 600 dB/km, we can send the signal about 10 
meters in a straight line, but the transmission loss 
increases when the wiring is bent. This kind of perfor- 
mance is necessary to provide sufficient margin.” 








This report contains information which is or may be copyrighted in a number of countries. Therefore, copying and/or 
further dissemination of the report is expressly prohibited without obtaining the permission of the copyright owner(s). 














12 Advanced Materials 


Cost Hinders Application 


What do manufacturers of autos and electrical products 
think of the improved performance of new heat-resistant 
POFs? 


There were many who doubted the practicality of the 
early heat-resistant POFs because of transmission loss 
and humidity resistance properties. However, recently a 
spokesman for Honda Motor Company said, “We still 
have some doubts about heat-resistance and durability 
under various kinds of stress, but basically the heat- 
resistance and long term reliability are excellent.” A 
spokesman from Yazaki Corporation said, “‘They’ve 
reached the level where they can be used.” Actually, both 
Toray and Furukawa Electric are confident that their 
products are ready for practical use. 


Still, optical LANs will not be adopted right away. It is 
true that various automakers have them under study, but 
the Honda spokesman says, “We still have no timetable 
for their application.” The biggest reason is that the cost 
of optical transmission systems is much higher than the 
cost of current wire harnesses. The prices of standard 
grade, PMMA-based POFs averages less than ¥ 40-60/m. 
On the other hand, the prices of heat-resistant POFs for 
autos are several times higher because their production 
volume is small. For example, the product from 
Furukawa Electric costs four to nine times more than 
PMMaA-based product, and the silicone resin-based POF 
from Hitachi Cable costs ¥ 500/m, which is 10 times 
more. At this pace the prices cannot begin to compete 
with the price of twisted pair cables at less than ¥ 20/m. 


Problems With Peripheral Devices Remain 


The cost of the optical fiber is not the only problem. 
Because even in optical LANs the control circuits use 
electric signals, an OE (optoelectric signal) switcher, 
which consists of an optical element and an IC, an 
optical connector, and other peripheral devices are 
needed (Figure 4 [not reproduced]). These devices are 
not cheap. OE switchers and optical connectors cost 
several hundred yen apiece. This is expensive compared 
to the cost of a twisted pair electrical connector at less 
than ¥ |. 


Their cost is not the only difficulty because a practical, 
heat-resistant OE switcher that can operate at 125°C or 
more does not yet exisi. 'n an OE switcher, after the 
LEDs (light-emitting diodes) and so on are mounted, 
they are sealed with epoxy resin. Tsuneo Nakayama 
(Director, Optical Semiconductor Applied Technology 
Dept. No. 3, Optical Semiconductor Applied Tech- 
nology Division, Toshiba) says, ‘““The heat-resistance of 
the sealing material is 120°C at most. If we want higher 
heat resistance, we must change to ceramic or metal 
sealing.” Moreover, when LEDs are used at the high 
temperature of 125°C, their light emission properties 
decline, which is another problem. 


These kinds of problems abound when we look at the 
optical LAN part by part, and Mr. Sakata from Nissan 
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Motor Company says, “‘We are still not sure what merits 
there would be for the user if we were to adopt an optical 
LAN.” No matter how costly the parts in the harness 
system are, the optical LAN offers no direct advantage to 
appeal to the user. Therefore, unless a costly system like 
the optical LAN offers some major advantages, it is 
unlikely to be adopted. Moreover, some people believe 
that the optical LAN will not weigh much less than the 
current harness anyway because of all the peripheral 
equipment it needs, such as an LED power source. 
Therefore, the most widely shared opinion is expressed 
by Koji Mimura (Director, Data Materials Division, 
Mitsubishi Rayon) when he says, “It will be at least five 
years or even longer before full-scale application of 
optical LANs for autos.” 


Although heat-resistant POFs are receiving better 
reviews than in the past, their full-scale use is unlikely 
until they meet the needs of automakers in terms of the 
overall cost and reliability of the optical transmission 
system. 


Aiming for Fields With Harsh Environmental 
Conditions 


It appears the unhappy situation for heat-resistant POFs 
will continue for the time being. There are companies 
like Teijin Ltd., that have developed polycarbonate- 
based POFs but have suspended research because no 
uses for them can be found. In desperation, POF makers 
have adopted a strategy of taking their heat-resistant 
grades into specialty fields that require high environ- 
mental resistance and lowering costs little by little. 


The targets for the heat-resistant grades are optoelectric 
sensors for food product manufacturing equipment and 
medical devices that are used under high-temperature 
conditions. POF makers believe the needs have 
increased for the use of heat-resistant grades on food 
product manufacturing lines and in medical instruments 
that are washed in boiling water where standard grade 
POFs cannot be used. 


Expected Growth in Communications Field 


However, because the specialty markets in which heat- 
resistant POFs are suitable for use are small, they cannot 
be a major impetus for reducing costs. In the meantime, 
Mitsubishi Rayon, Toray, Asahi Chemical and other 
major players have adopted a policy of concentrating 
their efforts on expanding the market for standard grade 
POFs and reducing the costs of all POFs, including the 
heat-resistant grades. These companies are looking to the 
field of telecommunications for expanding the uses of 
standard grade POFs. More specifically, they have 
recently entered the rapidly growing areas of auto navi- 
gation systems and commercial game equipment. 


For example, Nissan Motor Company adopted a naviga- 
tion system with POFs in its Cima [phonetic] Limited L 
luxury sedan that went on sale in May 1991 (Figure 5 
{not reproduced]). This system is a manufacturer’s 
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Key: |. Figure 6. POF layout in the navigation system. Signals are sent via POF along the control circuit for the central 
console display that runs from the trunk via the roof (Nissan Motor Company). 2. Steering wheel switch 3. Display 
monitor 4. Rear display 5. Rear seat remote control 6. Beacon receiver 7. Direction sensor 8. Beacon antenna 9. 
Dedicated map CD-ROM dr:ver 10. Navigation control unit 11. Optical fiber cable 





option (installed at the factory) that was developed by 
Sumitomo Electric Industries. It uses POFs for the 
CD-ROM with map data that is mounted in the trunk, 
for the general control circuits, and for transmitting 
signals to the control circuit of the center console display 
in the cabin (Figure 6). 


In this navigation system the map on the display is 
rewritten to correspond to the movement of the auto. In 
this case, the signal transmission rate is a speedy 3 
Mbit/sec, and because the system determines its bearings 
by detecting a very weak geomagnetic signal, very strict 
anti-noise measures are required. In autos a large 
number of electric instruments are normally contained 
in a small space, so as a spokesman from the Engineering 
Department of Pioneer’s Kawagoe Plant explains, “The 
noise environment is very bad.” Not only is there a limit 
to the transmission speed of shielded wires, which are 
copper wires covered with a metal mesh shield, but they 
are easily affected by noise, so they could not be used.“ 


Coaxial cable could have been used from the standpoint 
of signal transmission speed. However, Mr. Sakata from 
Nissan Motor Company says, “The total cost, including 
peripheral equipment such as connectors, was somewhat 
less expensive for POFs than for coaxial cable.” A 
spokesman from Sumitomo Electric Industries adds, 
“Other obstacles were that terminal machining of 
coaxial cables is very tedious, and the finished product 
would require more space than the POF system.” 


Because the POF had to be wired from the trunk via the 
roof, a heat resistance of 105°C was needed. Therefore, 
the company improved the heat resistance of a standard 
grade PMMA-based POF, coated it with a special oil- 
resistant resin, and covered it with flame-proof PVC 
sheathing. POF manufacturers are hoping that they can 
gain a foothold in the auto industry with the use of POFs 


in auto navigation systems and develop it into a strategic 
position for optical LANs in the future. 


Expansion of Uses in High-Class Products 


On the other hand, Sega Enterprises, the giant in com- 
mercial game machines, uses standard grade POFs for 
communications in its OUT RUNNERS competitive 
racing game machine that went on sale in May 1993 
(Figure 7 [not reproduced]). In this game machine, 
multiple players can race against each other simulta- 
neously, and the data in each unit rushes along at the 
high speed of 4 Mbit/sec. Because the communications 
devices are installed close to each other, they are easily 
affected by noise, so the company chose POFs instead of 
twisted pair cables as a countermeasure to noise. 


POFs are also being used in car audio systems. Pioneer 
employs all POF digital transmission for the signal 
transmission in its top-of-the-line “New carrozzeria x” 
car audio system that went on sale in August 1993 
(Figure 8 [not reproduced)). 


Thus, as Toshiba’s Mr. Nakayama explains, “‘Right now 
POFs are being used for high-speed signal transmissions 
of several Mbit/sec.”” Almost all those applications, how- 
ever, are in high-class products where trimming costs is 
not a major consideration. Still, as signal transmission 
rates become faster in the communications field, we can 
expect even tighter anti-noise measures. The use of POFs 
is also being studied from the standpoint of anti-noise 
measures for automatic ticket-checking machines and 
vending machines that have high-density wiring in a 
narrowly confined space. There is potential for the use of 
POFs to spread from high-class products to general 
products because of their “noise free” advantages. 


Rapid Growth of Landscape Display Business 


A field attracting as much attention as short-range com- 
munications is the field of decoration. Mitsubishi 
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Rayon’s Mr. Mimura enthusiastically states, “When we 
say decoration, we are not merely talking about simple 
trinkets like flowers made of POFs. This is a landscaping 
business such as illumination for buildings and bridges” 
(Figure 9 [not reproduced]). The demand for the land- 
scaping business has grown at the frantic pace of 30-50 
percent annually, based mainly on public works projects. 


This kind of demand went full-scale about two years ago, 
when POFs began to replace light bulbs. POFs not only 
require much less maintenance than light bulbs, but they 
can illuminate in unbroken straight lines. They are also 
much cheaper than decorations that use LEDs. Mr. 
Mimura states, “There is a relatively large demand for 
bundles of 20 or 30 Imm diameter POFs that run 20 or 
30 meters long.” Most of the POFs used are of a special 
type that emit light from the side. Scattering material is 
added to the core, and the light is diffused by changing 
the distribution of the core’s index of refraction. 


The large displays that were placed on the market in 
1993 by Toray and Asahi Chemical are being noted as a 
new application of POFs. For example, in Toray’s 
product a 10.4-model LCD image on a 10.4-inch diag- 
onal screen is enlarged into a large 50-model display that 
uses 210,000 POFs. The POFs convey the LCD image to 
the output display as individual picture elements. On the 
display the POFs are arrayed at a 2mm pitch. Toray’s 
Electronic Data Equipment Division lists the following 
advantages of this display over competing LED displays: 


1) A higher density image can be made with POFs than 
with LEDs. 
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2) The size of the letters can be changed at will. 
3) POFs can create 260,000 different colors. 


The cost is high at more than ¥ 10 million apiece, but 
these displays are already being used at the No. 2 
terminal at the New Tokyo International Airport. POF 
makers are beginning to put their efforts into these high 
added-value businesses in addition to simply selling 
their optical fibers. 


Moritex’s Mr. Suzuki states, ““Under the ‘bubble 
economy’ there were many users who wanted optical 
fibers to improve their image, but with the recent eco- 
nomic slump that business has dried up.” In that respect, 
the cost performance of heat-resistant POFs is still too 
low, and that 1s the biggest reason why automakers have 
been reluctant to use them. 


At the same time, all users recognize that POFs have 
great potential for the future. Many people agree with 
Nissan Motor’s Mr. Sakata when he says, “We would 
like to use them if they didn’t cost so much.” The cost 
must come down rapidly if we are to avoid wasting such 
a fine product. 


Mr. Sakata says that, recently, fields have begun to 
appear that will be able to discover the intrinsic value of 
POFs, beginning with short-distance communications. 
This can be interpreted as a hopeful sign for POFs, but 
we must wonder how much the size of the demand in 
these fields will be tied to lower prices. The do-or-die 
situation for the POF makers will continue. 
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Advisory Committee for Energy Revises 
Predictions in Fuel Cell Demand After Year 2000 


94FE0794A Tokyo KAGAKU KOGYO NIPPO 
in Japanese 7 Jun 94 p 12 


[Text] 


Advisory Committee for Energy Substantially Lowers 
Post-2000 Fuel Cell Demand Prediction 


Verification of the long-term energy supply and demand 
forecast has been ongoing in the Advisory Committee for 
Energy and elsewhere, and of the new types of energy, 
the fuel cell demand forecast for the year 2000 will be 
revised downward substantially. For the phosphoric acid 
fuel cell (PAFC) for use by electric power companies, this 
is due in particular to the advent of a “new phase” in 
which nearly 50 percent power generating efficiency has 
been achieved in recent years by advanced combined 
cycle (ACC) power generation. 


Originally, the target for fuel cell establishment was 1.95 
million kilowatts (kW)—1.05 million kW for commer- 
cial PAFC and .9 million kW for residential use fuel 
cells—by the year 2000, and with additiona! technolog- 
ical development, 2.4 million kW for solid oxide fuel 
cells (SOFC) and molten carbonate fuel cells (MCFC) 
after 2010. 


It was found that it would be difficult for the electric 
power companies to use PAFC as the main type of fuel 
cell because regardless of technological advances, size 
reduction would be difficult and it therefore would be 
physically difficult to introduce them into underground 
transformer stations and other metropolitan facilities. 
For this reason, the regions where use by the electric 
power companies can be expected are mainly redevel- 
oped metropolitan areas where thermal demand can be 
anticipated. 


Furthermore, because power generating efficiency of 
nearly 50 percent was achieved recently with ACC and 
this is expected to exceed 50 percent in the future, the 
feeling is growing stronger that it would be more efficient 
to introduce ACC, even factoring in physical distribu- 
tion cost as long as liquefied natural gas (LNG) is used 
for fuel. 


As for environmental concerns, for PAFC, the target for 
the amount of nitrous oxide (NO,) in exhaust gas is 10 
ppm or less; and in comparison, with ACC, 50-70 ppm at 
the gas turbine outlet (at under 1,300°C) has been 
achieved, and NO, in exhaust gas can be reduced to 
about 5-15 ppm at the chimney outlet by passing the 
exhaust gas through denitration equipment with 80-90 
percent denitration efficiency. 


Neither has problems with sulfur oxides (SO,) or soot 
and dust. The PAFC is better in terms of noise and 
vibration because it 1s a static type of power generating 
equipment, but it is the same as ACC if expanded in size 
and if denitration equipment is attached. 
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Asa result, in the year 2000, use of the PAFC by electric 
power companies cannot be expected and residential use 
is expected to rise only to 150,000 kW. Because the pace 
of technological development of PAFC for residential 
use has been slow and problems such as reliability must 
be resolved, full-scale popular use is expected to be after 
2010, and be equivalent to about | million kW. MCFC, 
et al., will be at the research stage in the year 2000, and 
usage will be at the level of 50,000 kW. In view of the fact 
that introduction of fuel cells for electric power company 
use cannot be expected, it is inevitable that the supply 
and demand forecast for fuel cells will be revised down- 
ward substantially. 


NEDO Succeeds in 6000-Hour Continuous MCFC 
Operation 

94FE0794B Tokyo KAGAKU KOGYO NIPPO 

in Japanese 13 May 94 p 12 


[Text] 


NEDO Achieves 6000-Hour Continuous Operation of 
MCFC, Establishes World Record 


The New Energy and Industrial Technology Develop- 
ment Organization (NEDO) announced on 12 May, that 
it had achieved 6,000 hours of continuous operation of a 
30 kW class molten carbon fuel cell (MCFC). This is the 
world record for continuous operation, and follows 
NEDO’s achievement of 10,000 hours of operation by a 
5 kW class MCFC in July 1993. The new results were 
achieved by internal type reforming, in which natural gas 
is supplied directly to the body of the fuel cell. Compared 
to external type reforming, internal reforming is more 
compact and has better power generating efficiency. 
Hereafter, NEDO will work on developing a large- 
capacity type MCFC of about 200 kW by increasing 
electrode area. Development is currently underway 
under contract to the Mitsubishi Electric Company as 
part of MITI’s New Sunshine Project. 


Both power generating performance and durability are 
important for fuel cells, and 40,000-hour operation, 
equivalent to about five years, has been set as the goal for 
a practical model. After succeeding in 10,000-hour oper- 
ation of the 5 kW class MCFC in July 1993, NEDO 
began research on operation of a 30 kW class MCFC, 
and achieved 6,000 hours of continuous operation on 1 1 
May. 


The rate of fuel cell voltage depletion accompanying 
operation of the fuel cell was low, 0.6 percent of initial 
voltage per 1,000 hours of operation. With regard to fuel 
use rate (percentage of input fuel used effectively), 1,440 
hours of operation at 85 percent fuel use rate (the norm 
is 80 percent or less) was achieved. 


Hereafter, work will be done to increase electrode area 
from 0.5 square meters (sqm), the present area, to | sqm 
and develop a large-capacity (about 200 kW) internal 
reforming type MCFC. 
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The MCFC uses hydrogen and carbon monoxide as fuel, 
and the method of direct production inside the fuel cell 
of hydrogen and carbon monoxide from natural gas and 
other fuel sources is called internal type reforming. 
Compared to the method of using an external reformer, 
the internal reforming method can use heat generated in 
fuel cell reactions as a source of heat for reforming and, 
therefore, achieves higher power generating efficiency. 
Equipment composition is more compact as well. 


Electric Power Industry To Conduct Joint 
Research on Fuel Cell, Combined Cycle Power 
Generation 

94FE0794C Tokyo KAGAKU KOGYO NIPPO 

in Japanese 12 May 94 p 12 


[Text] 


Electric Power Industry To Start Joint Research on 
CO, in FY94 


From this fiscal year, the electric power industry will 
begin 

(1) electric power industry joint research on technology 
to remove CO, from exhaust gas, 


(2) research on mixed oxide (MOX) fuel fabrication 
processes, 


(3) comprehensive operational research with a coal gas- 
ification combined cycle power generation pilot plant 
and tests on high-sulfur coal, 


(4) testing and operation of pressurized fluidized-bed 
boiler combined cycle power generation (PFBC), 


(5) operational research on a fuel cell with 5 megawatt 
output, 


(6) full-scale construction of on-site testing equipment 
for 70 megawatt-class model of superconducting power 
generator, 


(7) development of a reduced scale model of high- 
voltage, large-current power transmission system and 
direct current multi-terminal control and protection 
equipment and demonstration testing of 1:8 scale AC/ 
DC converter. 


This was revealed in the technological development plan 
recently compiled by the Federaiion of Electric Power 
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Companies and the Central Research Institute of the 
Electric Power Industry. Emphasis is also placed on 
developing residential use equipment that uses heat and 
cold accumulation technologies, which will help to lower 
cost and provide stable supplying. 


In the area of environment-related technologies, electric 
power industry joint research on removal technologies 
will start by each company addressing the problems of 
removing CO, from exhaust gas and solidifying it by 
photosynthesis and biological means. Implementation of 
electric power industry joint research on the electric car 
will also be studied. Nuclear energy-related technologies 
to be addressed include advanced light water reactors, 
fast breeder reactor technologies and nuclear fuel cycle 
technologies. Under nuclear fuel cycle technologies, 
research will commence on MOX fuel fabrication pro- 
cesses. Under uranium enrichment, work will be con- 
tinued on testing and research on a practical-scale com- 
posite material centrifuge and development of advanced 
centrifuges. 


Under the use of coal, comprehensive operation of a 22 
ton/day coal gasification combined cycle power genera- 
tion pilot plant will be implemented. Test operation of 
70-megawatt PFBC demonstration equipment is 
planned. Under technologies for effective use of energy 
and new energy sources, emphasis will be on fuel cells as 
well as high-efficiency power generation technologies 
such as ultra super critical pressure (USC), super GM, 
and superconductor power storage systems. 


Under electric power systems, work will be done on a 
high-AC voltage, large-current power transmission 
system, as well as DC multi-terminal, high-performance 
AC/DC conversion technology. Under technologies for 
advanced use and conservation of energy from the user 
side, work will be done to develop residential use equip- 
ment that utilizes heat and cold accumulation technolo- 
gies for efficient energy use, such as heat accumulation 
type heat pumps for residential use. 


Through the development of these technologies, the 
electric power industry will seek to resolve management 
problems such as difficulties with siting of nuclear power 
plants, acute daytime and summer power demand peaks, 
maldistribution of power consumption and softening of 
the power supply system resulting from concentration of 
population and economic activity in the metropolitan 
areas, and shortage of technicians resulting from alien- 
ation of young people from science and technology. 
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Figure 1. Surface-Emitting Laser OEIC 





Matsushita Electric Corporation Develops New 
Surface-Emitting Laser 


94FE0467A Tokyo SEMICONDUCTOR WORLD 
in Japanese No 2, Feb 94 p 28 


[Text] 


Matsushita Electric Develops Surface-Emitting Laser 
OEIC With On-Chip Drive Transistors 


Matsushita Electric Corp. developed a surface-emitting 
laser OEIC (opto-electronic IC) that integrates a two- 
dimensional 8-by-8 array of 64 surface-emitting lasers 
and incorporates driving transistors (Figure 1). 


In the past, obtaining high-speed operation of surface- 
emitting chips containing only lasers was difficult 
because the lasers were driven by external transistors, 
and the capacitance of eight lasers connected to the row 
wiring became a load. In the OEIC developed by Mat- 
sushita Electric, each of the 64 lasers has its own driving 
transistor, which enables operation at speeds 10 times 
higher than that of conventional surface-emitting lasers 
(Figure 2). 


The basic unit of the OEIC is a layered structure con- 
sisting of a surface-emitting laser and an “'3T. The 
structure of the laser part is an active layer, which emits 
light, sandwiched between p-type and n-type multilayer 
reflectors (reflecting mirrors). This time, Matsushita 
Electric developed a transistor-on-laser structure with 
the n-type reflector on the upper side of the laser, 
whereas before the n-type reflector was underneath the 
active layer (Figure 3). That has resulted in a high- 
density integrated chip having one-third the size of a 
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__Figure 3. Structure of Surface-Emitting Laser OEIC 





chip containing only lasers. The cell size of the new 
OEIC, including the wiring space, is 60 m7. 


One use for the chip is as ultra-high-speed optical wiring 
for electronic devices. More futuristically, the OEIC is 
expected to evolve toward optical computers and optical 
switches based on optical signals. 
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AIST Develops Extreme Vacuum Device for 
Atomic Manipulation 

94FE0467B Tokyo NIKKEI SANGYO SHIMBUN 
in Japanese 30 Nov 93 p 5 


[Excerpt] 


Measures Pressure of Gas Molecules, Atoms By 
Capturing Them One at a Time 


Tsukuba—-The AIST Electrotechnical Laboratory devel- 
oped a device that measures pressure by capturing indi- 
vidual gas molecules and atoms in a space. The device 
can accurately measure pressures as low as 10°'? Pa 
(10°'’ atm), which is the highest level of artificially 
produced extreme vacuum. The technology is seen as 
useful in atomic-level manipulation and observation. 


The new device reliably ionizes molecules and atoms in 
a fixed micro space by means of a laser, then determines 
the numbers and types of molecules and atoms. In a 
situation where there is only one molecule, the laser is 
pulsed any number of times to measure the exact pres- 
sure. 


Light radiating from a high-energy YAG laser in 35- 
picosecond pulses is focused by a lens onto the 0.1mm°* 
measuring space. The photon density at the focal point is 
10'* photons/cm*, which is reliable enough for ionizing 
even light hydrogen molecules. 


The ions generated are accelerated by a static electric 
field and to an ion detector; after charge amplification, 
the 1ons are measured. Even if different atoms or mole- 
cules are ionized simultaneously, they can be distin- 
guished by the differences in the detection times that 
depend on the type of atoms or molecules. 


The presence of molecules can only be measured proba- 
bilistically due to the low density, therefore several 
hundreds of pulses are needed to determine the pressure 
in the space. Because the measurement range ts small 
enough for the vacuum space, the pressure [part of 
sentence omitted] by the measurement itself. [Passage 
omitted] 


Ministry of Education Develops New Laser 
Interferometer 

94FE0467C Tokyo NIHON KOGYO SHIMBUN 
int Japanese 3 Feb 94 p 7 


[Text] 


ISAS Completes World's Longest Laser Interferometer 
for Gravity Wave Detection 


The longest laser interferometer in the world, the 
TENKO-100, was completed at the Ministry of Educa- 
tion’s Institute of Space and Astronautical Science 
(ISAS; Ginjiro Akiba, director) in Sagamihara City, 
Kanagawa Prefecture. Consisting of two 100-meter-long 
vacuum pipes connected to form an L shape, the laser 
interferometer was built by an ISAS research group led 
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by Professor N. Kawashima for the purpose of detecting 
gravity waves, which have not yet been observed on 
earth. The laser interferometer is a kind of antenna that 
detects extremely small amounts of spatial curvature 
resulting from gravity waves. Initial observational exper- 
iments are planned for this summer. 


When two beams of laser light split by a half mirror 
travel separate paths and are then superposed, inter‘er- 
ence fringes occur. A laser interferometer is a device that 
utilizes this phenomenon to measure light wavelengths, 
distances, and the optical properties of substances. An 
interferometer that has a longer optical path and uses 
stronger laser light has better sensitivir_. The large-scale 
laser interferometer for measuring gravity waves is also 
called a “gravity wave antenna.” 


Up until now, the 40-meter-long laser interferometer at 
California Tech in the U.S. was the largest gravity wave 
antenna in the world, but the TENKO-100 breaks a new 
record by far. The TENKO-100's arms, through which 
the laser light passes, are 10 times longer than those of its 
predecessor, the TENKO-10. The length of the optical 
path, about 10 km, is also longer by a factor of 10. Two 
0.4-m-diameter, 100-m-iong vacuum pipes are con- 
nected to form an L shape. After the laser light makes 
about 50 roundtrips inside those pipes, interference 
fringes are produced by superposing the two beams. 


The concave mirrors for turning the laser beams back are 
9-cm thick and 35-cm in diameter. There are two mirrors 
inside the vacuum vessel that connects the pipes, and 
then mirrors are lowered at each end of each pipe. 


Gravity waves warp space vertically and horizontally as 
they travel through space. The laser interferometer 
catches that very small amount of spatial warpage by the 
changes in the interference fringes. 


The detection sensitivity is 10°'*, which is 10 times 
better than that of the TENKO-10. The research group’s 
current goal is to increase the sensitivity by a factor of 
10. If that can be achieveu, the laser interferometer 
would be able to detect a change in the distance from the 
earth to the sun (about 150,000,000 km) on the order of 
the length of a row of 100 hydrogen atoms. For actual 
observation of gravity waves, a kilometer-size gravity 
wave antenna is needed. 


In the U.S., plans to construct a four-kilometer-long laser 
interferometer have begun. And, France and Italy are 
planning the joint construction of a three-kilometer-long 
laser interferometer. Both are expected to be completed 
in the next century. 


Toshiba Develops World’s Highest Output KrF 
Excimer Laser 

94FE0663A Tokyo TOSHIBA REVIEW in Japanese 
Apr 94 pp 305-308 


[Text] 


Narrow-Linewidth KrF Excimer for Quarter-Micron 
Processing 

Rapid progress has recently been made in the manufac- 
turing and engineering of ULSIs. Quarter-micron pro- 
cessing using a narrow-linewidth KrF excimer laser 1s a 
promising technique that will allow for mass production. 
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We have developed a narrow-linewidth KrF excimer 
laser capable of a throughput several times greater than 
that of conventional narrow-linewidth KrF excimer 
lasers. This excimer laser incorporates a newly devel- 
oped self-amplification resonator and discharge section, 
enabling it to achieve the world’s highest average output 
power of 8W with a spectral linewidth of 1.0 pm at a 
pulse repetition rate of 600 pps. In addition, due to 
exclusively designed laser control system, laser output 
power fluctuations and long-time center wavelength drift 
are less than +/- 0.5 percent and +/- 0.25ppm, respec- 
tively, and the laser can be operated fully automatically. 


1. Introduction 


Recently, rapid progress has been made in the high 
integration of semiconductor devices, and accompa- 
nying this is a demand for ultra fine processing tech- 
nology that targets shapes which are 0.25ym or less. In 
mass production, the pattern that is drawn on a mask is 
transferred to the substrate with a lens, and then is 
processed by etching, etc. Satisfactory resolution of the 
pattern is achieved in proportion to the numerical aper- 
ture (NA) and to the inversion of the wavelength of the 
light used. However, there are limits to the size of the 
lens NA, and thus, in order to heighten the resolution it 
is most effective to shorten the wavelength of the light 
used for transference. In the 0.8m shapes corre- 
sponding to 4Mbit DRAM, the standard practice was to 
use the y-ray wavelength (436 nm) of high voltage 
mercury lamps, but in the 0.5m shape used in 16Mbit 
DRAM, i-beam wavelengths (365 nm) became the norm. 


Because KrF excimer lasers, which use the medium of 
excimer molecules that can exist only in an excited state, 
can efficiently obtain high output light in the deep 
ultraviolet range (248.4 nm), they are being applied as 
the light sources for ultra fine processing. At present, 
because quartz glass is the only lens material that absorbs 
little of the deep ultraviolet range light and can be 
polished at a large aperture, it is difficult to combine 
materials of differing refractive indices and configure a 
color canceling lens which eliminates aberrations (color 
aberrations). The spectral width of a KrF excimer laser 
that is obtained from normal optical harmonizers is 
about 0.3nm, but in order to use this in ultra fine 
processing, it is necessary to narrow it to 3pm (= 
0.003nm) so that lens color aberration does not occur. 


Moreover, throughput (amount of processing per unit of 
time) in the mass production processing technology 
described above is an extremely important factor. One 
means to heighten throughput is to shorten the pro- 
cessing time based on heightening the laser output. Also, 
compared to mercury lamps, laser light has higher coher- 
ency (capable of interference), and produces irregular 
interference patterns (spectra) which may have a bad 
influence,’ but that influence may be eliminated by 
irradiating laser light at 50 pulses or more per process 
and stacking up differing spectra. Consequently, to 
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Figure 1. Configuration of a Conventional Narrow-Line- 
width Resonator. The etalons are positioned directly 
prior to the highly reflective mirror, and the laser light 
is taken from the output mirror. 


Key: |. Highly reflective mirror 2. Etalon 2 3. Window 
3a. Discharge excitation unit (gain medium) 4. Window 
5. Output mirror 6. Etalon 1 7. Output beam 





heighten the throughput, it is necessary to heighten the 
number of laser pulse repetitions in addition to height- 
ening the laser output. 


Aiming at ultra fine processing applications, our current 
research efforts have developed a narrow-band KrF 
excimer laser at our Production Technology Laboratory. 
The special characteristic of this equipment is that the 
world’s highest average output is produced stably over a 
long period of time with 8W high output laser light that 
maintains the spectral width at 1.0pm at 600pps pulse 
repetitions by adopting the self-amplifying type narrow- 
band resonator that we have independently developed. 
Central wavelength control, output control and auto- 
matic operation can be performed by various monitors 
and computers. Here, we will first explain the configu- 
ration and characteristics of the self-amplification type 
narrow-band resonator. This will be followed by the 
configuration of the laser equipment, performance com- 
parisons, examples of ultra fine processing applications 
using the laser light obtained, and finally, a summary. 


2. Self-Amplifying Type Narrow-Band Resonator 


The configuration of a conventional narrow-band reso- 
nator is indicated in Figure |. An etalon of a narrowed 
linewidth element is inserted directly prior to the high 
half-reflective mirror of an ordinary Fabry-Perot etalon, 
and laser light is produced from an output mirror. 


An etalon is one kind of a band pass filter which utilizes 
the interference effects of highly precise parallel surfaces. 
In a KrF excimer laser, a combination of two differing 
bandwidths are used, but the lifespan of the device is 
highly dependent on the power density of the laser light 
which passes through it. The configuration of the reso- 
nator type indicated in Figure | is simple, and narrow- 
linewidth laser light can be easily obtained, but the laser 
power density which passes through the etalon is high 
per unit, and hence there is the drawback that the laser 
power is limited from the point of view of the lifespan of 
the etalon. 


The configuration of the self-amplifying type narrow- 
band resonator that we have developed is indicated in 
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Figure 2. Configuration of the Self-Amplification Nar- 

row-Linewidth Resonator. A method in which a part of 

the beam is split by the junction prism, and the energy 
irradiated on the etalons is reduced. 


Key: 1. Highly reflective mirror 2. Window 3. Window 4. 
Output beam 5. Discharge excitation unit (gain medium) 
6. Etalon | 7. Junction prism 8. Etalon 2 9. Highly 
reflective mirror 
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Figure 2. This resonator consists of two high half- 
reflective mirrors, two etalons and a prism. One part of 
the gain medium is used for the narrow-band resonator 
and the remainder is used for the amplification unit. The 
prism is used to divide the effective laser cross section; 
the light which has been separated, refracted and 
expanded by the prism passes through the two etalons 
that are arranged in series; and by bending this back with 
the high half-reflective mirror, there is resonance 
between the high half-reflective mirrors which stand on 
either side of the gain medium. The gain medium region 
which is not affected by the prism plays the role of a 
unified optical route amplifier. 


Figure 3 indicates the changes in the laser output when 
varying the percentage of the beam portion based on the 
prism position. The beam portion percer tage is equiva- 
lent to the reflectivity of the output mirror of an ordinary 
stabilized resonator, and it has an optimum value corre- 
sponding to the gain value of the laser medium. A lpm 
spectral width can be obtained when the percentage is 5 
percent or more of the total region, but when this exceeds 
20 percent, because the surface area of the beam pro- 
duced becomes smaller, the laser output is reduced 
monotonally. When estimating the power density 
passing through the etalon during an optimum portion 
percentage of 20 percent in relation to the laser output 
based on experiments that were conducted by 
exchanging mirrors that have a transmittancy in which 
the highly reflective mirror on the output side is equal io 
the etalon loss, the power density is reduced to approx- 
imately one-tenth that of a conventional narrow-band 
resonator that attains the same laser output, and an 
output several times that of conventional ones can be 
achieved without amplifying the load on the etalon.” 


One more special characteristic of this resonator is that 
there is no optical part lower in light damage resistance 
strength or coated with conductor that is located in the 
area that has the greatest power in the resonator, namely, 
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Figure 3. Dependence of Output Power un Beam Sepa- 
ration Ratio. The output is the highest when the ratio is 
20 percent. 

Key: 1. Output 2. Prism 3. Separation ratio 





the laser exit part outside the prism. Because of this, it is 
possible to produce a high output laser stably for long 
periods of time. 


3. Configuration of the Laser Device 


The configuration of the narrow-linewidth KrF excimer 
laser device that has been developed is indicated in 
Figure 4. Taking into consideration that it will be used in 
a cleanroom, it has a structure with the smallest possible 
floor space, and each component element has been 
unitized to allow for easy maintenance. 


The discharge chamber is the part which excites the laser 
medium based on electric discharge, and will determine 
such basic performance parameters as the oscillation 
efficiency, pulse repetition number, and gas lifespan. 
The development points are: heightened efficiency under 
low gas pressure and low charge voltage conditions 
because of the compact size, and the reduction of gas 
consumption;’ the adoption of a custom blower for the 
purpose of high pulse repetition operation; and the 
selection of parts materials for the purpose of extending 
gas lifespans. 


The laser light is output from the narrow-band resonator 
that is positioned on both sides of the discharge 
chamber, and a part of this is sent from the beam splitter 
to the control system consisting of the energy monitor 
and the spectrum monitor, etc. 


The control system consists mainly of the general control 
device, the laser output control, two secondary control 
devices that control the central wavelength, the energy 
monitor and the spectrum monitor. The general control 
device automatically operates the laser device, commu- 
nicates with the secondary control devices, communi- 
cates with external equipment, displays the operating 
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Figure 4. Configuration of the Narrow-Linewidth 
Excimer Laser. All of the configured elements are unit- 
ized for minimum floor space, and ease of maintenance. 


Key: 1. Laser beam 2. Spectrum monitor 3. Power source 
4. Resistance unit 5. Cylatron unit 6. Variable voltage 
unit 7. Narrow bandwidth unit 8. Discharge chamber 9. 
Energy monitor 10. Control unit 11. Gas exhaust unit 
12. High voltage source 





conditions as well as a variety of alarms, and conducts a 
self-diagnosis when breakdowns occur. 


The laser output control integrates, averages and com- 
pares signals from the energy monitor which measures all 
pulse energy up to 600pps, stabilizes the laser output to 
within a fluctuation width of +/- 5 percent by controlling 
the discharge voltage, and has a function by which an 
alarm is set when abnormal pulses are detected. In order 
to avoid the bad effects of drift over long periods of time 
and changes in the characteristics of optical parts for 
sampling, the energy monitor is automatically calibrated 
at fixed intervals based on a built-in power meter. The 
stability during output control is indicated in Figure 5, 
and output fluctuations have been confined to +/- 5 
percent (8W +/- 0.4W) during continuous operation for 
24 hours. 


Central wavelength control is conducted for the purpose 
of controlling fluctuations in the position of the produc- 
tion laser focal point caused by the laser wavelength. The 
laser central wavelength is detected by a spectrum mon- 
itor which incorporates a standard light source for wave- 
length calibration. The control device produces a signal 
from the spectrum monitor, and feedback controls the 
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Figure 5. Average Output Stability. Output fluctuations 
were +/- 5 percent (8W +— 0.4W) when operated contin- 
uously for 24 hours. 

Key: 1. Power 3. Gas replacement 4. Hours 





central wavelength to within a fluctuation width of +/- 
0.25pm based on the activation of an actuator within the 
resonator. * 


4. Essential Performance 


The main performance characteristics of the narrow- 
band KrF excimer laser we have just developed have 
been compared with typical conventional values, and 
these results are indicated in Table !. 





Table 1. Performance comparison between newly devel- 





























oped and conventional excimer lasers 

Item Newly Developed Conventional Device 
Device 

Average output (W) 8 4-5 

Repetition number 600 400 

(pps) . 

Spectrum width 1.0 1.5 

(pm) 

Output control +/- § +/- § 

Wavelength stability +/- 0.25 +/- 0.25 

(pm) 

Optical part lifespan Ix10? 

(shots) 

Gas lifespan (shots) 4x10’ 5x10? 

Floor surface (width 0.5% 1.5 0.7 x 2.0 

x length) 











As indicated in the table, the laser output of the newly 
developed equipment is approximately two times con- 
ventional values, and the pulse repetition number is 1.5 
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Figure 6. Example of Ultra Fine Processing Processing 
in which the linewidth is 0.25m at a distance of 0.45, 





times better. It can be expected that processing 
throughput, which is directly dependent on laser output 
and repetition number, will be more than 10 percent 
higher than conventionally achieved. Moreover, by nar- 
rowing the spectral width to 1.0pm, a high NA lens up to 
about 0.55 may be applied, and it is expected that 
processing on the scale of 0.25ym or less will be possible. 


5. Applied Examples of Ultra Fine Processing 


Figure 6 indicates an example of ultra fine processing 
which was manufactured using light from the laser 
device that has been developed. Chemical amplification 
type photoresist which 1s highly sensitive to excimer 
laser light was coated on Si substrate, a commercial 
exposure device mounted with a NA = 0.42 lens, and 
after reducing and transferring the pattern on the mask, 
this was developed. In ordinary DRAM technology, this 
is equivalent to one process in the manufacture and 
processing of a semiconductor device. 


In the example, the pattern on the mask was reduced to 
one-fifth, and a 0.25um wide line was processed at 
0.45um intervals. The 0.25m linewidth is a value that is 
required for the production of 256Mbit DRAM, and this 
indicates that the laser device developed can be fully 
applied to future ultra fine processing. 


6. Conclusions 


The heightening of semiconductor integration is con- 
tinuing to make progress at a pace of once in three years, 
and accompanying this, severe requirements are 
imposed on the smallest shape dimensions being sought 
in processing as values have gone from the submicron to 
0.5m and further on to 0.25um. Until a few years ago, 
it was thought that processing below the 0.5ym level 
using light would be problematic, and that X-rays or 
electron beams would be used, but with the making of a 
practical narrow-linewidth KrF excimer laser and 
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advances in ultra resolution technologies, there is the 
possibility that processing down to about 0.15ym is 
attainable. 


Moreover, processing using excimer lasers is different 
from using X-rays and electron beams, and because it 
can take advantage of conventional optical processing 
technology as it is, it has extremely great advantages for 
the production line. 


For these reasons, we anticipate that excimer laser use 
will be widespread from here on. 
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Hiroshima University Develops New Combination 
Scanning Microscope 

94FE0663B Tokyo NIKKAN KOGYO SHIMBUN 

in Japanese 5 Apr 94 p 6 


[Text] The research group of Professor Takafumi Yao of 
the Engineering Department, Hiroshima University, has 
become the first in the world to develop a composite 
microscope that combines a scanning tunneling micro- 
scope (STM), an atomic force microscope (AFM), and a 
scanning capacitance microscope (SCaM). This com- 
posite microscope is based on an AFM, and because it 
fulfills the role of the probes of three microscopes by a 
single conductive cantilever (lever), it can simulta- 
neously obtain information on the surface shape, electric 
characteristics, and capacitance characteristics of the 
test material. Composite devices combining STM and 
AFM have come out as commercial products, but this is 
the first time that a composite microscope of all three has 
appeared. By doing this, it becomes possible to evaluate 
the interface oi silicon oxide films on the nano-scale 
order, and it will have important uses as a powerful 
evaluation tool in the development ov next generation 
LSIs. 


The composite microscope just developed has a struc- 
ture in which a capacitance sensor is attached to an AFM 
base. This is a static electricity capacitance type lever, 
and in addition to providing a technique to scan while 
maintaining a fixed contact surface area with the surface 
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of the test material, it is made so that the free capaci- 
tance around the lever is reduced as much as possible so 
that very minute capacitance can be measured. 


The attached capacitance sensor utilizes the technique of 
attaching an LC circuit to the lever, and measuring the 
capacitance by varying the harmonic frequency of the 
LC circuit when the capacitance of the lever terminal 
changes. 


Currently, insulators are used in AFM levers. In this 
microscope, in order to measure capacitance and cur- 
rent, a conductive lever has been developed. With a 
single lever, capacitance distribution, surface current 
images and surface roughness can be measured. 


It has already been confirmed that AFM devices are 
capable of atomic level resolution, and because noise is 
reduced in relation to SCaM images, it is possible to 
capture information including not only raw capacitance, 
but also capacitance rate of change elements. 


Currently, the research group of Professor Yao is using 
this composite device to evaluate the silicon in silicon 
oxide film and the surface of ion embedded silicon. 
When applying an elec*ic field to a MOS gate, an 
electric conductive layer can be made below that oxide 
film. and this composite microscope can measure the 
shape and condition of the electric conductive layer with 
a nano-scale power of resolution, where conventional 
evaluation devices could not. Thus, it will be possible to 
evaluate future one gigabit DRAM class processing. 


NEC’s Progress With Electron Beam Holography 
94FE0663C Tokyo NIKKAN KOGYO SHIMBUN 
in Japanese 26 Apr 94 p 6 


[Text] NEC (Mr. Tadahiro Sekimoto, President) in con- 
junction with Professor Takakazu Shimizu of Osaka 
University have used electron beam holography to verify 
the possibility of atomic size limiting exposure. in con- 
trast to conventional electron beam exposure that uti- 
lizes the particle characteristics of electrons, the new 
technology utilizes the interference effects based on the 
wave dynamics of electrons in the same way as laser 
holography. It is possible to have the resolution limit 
down to one-half of the electron wavelength, which is on 
the angstrom level, and in principle this can meet the 
standards of atomic level processing. Using an organic 
resist, a 100 nm cyclic diffraction lattice was formed, 
observed with an atomic force microscope (AFM), and 
exposure according to the design values was confirmed. 
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The current research represents the first time that elec- 
tron beam holography, which until now has mainly been 
utilized in such evaluation of physical properties as the 
measurement of micromagnetic fields. has been devel- 
oped for exposure in microprocessing. Electron beam 
wavelengths are proportional to the acceleration voltage. 
and at 40 keV, they are 0.0125 nm. In holographic 
exposure, in principle, it is possible to focus an image of 
the interference pattern down to one-half the wave- 
length, but in reality, because it is not possible to process 
on a level smaller than the atom, it can be called a 
processing method in atomic units. 


Laser holography is the same kind of exposure method. 
Laser light is split into two with a half mirror, and when 
focusing the light on a light sensitive agent by creating a 
discrepancy in their light route, a diffraction pattern is 
formed by the interference in the laser light waves. In the 
same way, electron beam holography divides the electron 
beam from a thermoelectric field radiation type electron 
beam source into two beams with high interference 
characteristics using an electron beam bi-prism (made of 
platinum with a diameter of 0.6 pm), and exposure on 
the resist is made by interference. 


The distance between holographic lines that are formed 
by electron beam interference is determined by the three 
conditions of the acceleration voltage. the voltage 
applied to the bi-prism, and the distance between the 
bi-prism and the resist. In the experiments, these were 
set to 40 keV, 7.5V, and 70mm. and the exposure was 
made using polymethyl methacrylate (PMMA) resist. 
These results were observed with an AFM, and it was 
found that micro-patterns were drawn cyclically 
according to the design values. 


Because the PMMA that was used in these experiments 
iS an organic polymer with a large molecular scale, the 
resolution limits were determined by the capacity of the 
resist. However, when using a substance like lithium 
fluoride, which is an amorphous inorganic light sensitive 
agent, it is also possible to set the resolution to the | 
nanometer base. This exposure method can only make a 
diffraction lattice with a single bi-prism, but, to a certain 
extent, it can make a pattern by using the technique of 
shaping the bi-prism, such as being able to form a dot 
pattern by allowing bi-prisms to intersect. Moreover, in 
conventional electron beam exposure, a near touching 
effect in which the exposure light is uneven could not be 
avoided because of particle charactezistics, but in elec- 
tron beam holography, which utilizes wave dynamics, 
there is the advantage that processing to compensate for 
the near touching effect is unnecessary. NEC will try to 
make practical applications of this device as next gener- 
ation nanometer element exposure technology. 
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Basic Research on Liquid Crystal Molecule Orientation in Liquid Crystal Displays 


94FE0381A Tokyo FY 1993 PAPERS RESULTING FROM RESEARCH SPONSORSHIP in Japanese 
Jan 94 pp 8-14 


[Article by Koji Okano, Honorary Professor at Tokyo University and Professor at Shinshu University College of 
Education] 


{Text} 


1. Introduction 


Liquid Crystal Displays (LCD) are 
presently used extensively in OA de— 
vices. Active research development 
on LCD in combination with Thin Film 
Transistor (TFT) technology is being 
done at present as a key device to 
support the advanced information 
society of the 21st century. 


The purpose of this research is 
in part, basic research on LCD which 
analyzes, through a process of a 
theory of functions, the disorder of 
liquid crystal molecule orientation, 
as well as the inconsistent varia-— 
tions in the surface of the LCD dis-— 
play cell base substrate and orien-— 
tation restriction (anchoring) char-— 
acteristics. 


2. Conformal Representation of 
Orientation 


In order for an application of 
the theory of functions to be possi- 
ble, this research deals with the 
following cases: 1) With the Liquid 
crystal orientation only as a func-— 
tion of the X and Y axis, the orien— 
tation is assumed to be uniform in 
the vertical direction of the XY 
surface. 2) We assume that the flank 
elastic coefficients K,, K,, and K, 
have the same value (called XK). 
(Constant Value Approximation). 


The unit vector which expresses 
the direction of orientation of the 
liquid crystal molecule is called 
the orientation vector (director). 
In this report, the orientation vec-— 
tor fi contains only components with- 


in the XY plane and is described in 
the formula below. 


i = (cos¢,sing,0) (1) 


However, the following analysis 
is also affected by 


fi = (cos¢,0,sing) (2) 


and in any situation, as for ¢(X,Y), 
assumes the angle of the x-axis. 


As a foundation of constant value 
approximation, the orientation angle 
|jgf in an equilibrium state is a 
harmonic function which satisfies 
the Laplace Equation with the inm- 
posed boundary conditions.! 


a 
= Ss. m 


Here, the double coordinates Z = 
x + iy are introduced, and when the 
random regular function ® of Z is 
considered, from the basic theorem 
of the theory of functions, with 
both the real part and the imaginary 
part of @, formula (3) is satisfied, 
but, as shown below, the imaginary 
part is considered a regular func- 
tion which satisfies the boundary 
conditions. Doing so, the imaginary 
part of @ provides the orientation. 
However, on the Z plane, it is not 
easy to directly obtain the regular 
function where the imaginary part 
satisfies the boundary conditions. 
Accordingly, the appropriate func- 
tion for Z is: 


w= f(z), w= u + iv (4) 
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which is represented in the w-plane. 
In the w-plane, if the regular func- 
tion @(w) in which the imaginary 
part satisfies the boundary condi- 
tions, is found, and if the indepen- 
dent variable is returned to Z, 


(f(z)) =e + i¢ (5) 


the imaginary part ¢ in the Z-plane 
is a harmonic function which satis- 
fies the boundary conditions. In 
other words, it is an orientation 
angle in an equilibrium state. In 
this case, the orientation’s distor- 
tion elastic energy F uses the real 
and imaginary parts of @ and is cal- 
culated using 


eile) ¢3)} 


dey = 2xff dc 


(6) 


3. Non-Continuous Lines and Orienta- 
tion of Anchoring Characteristics 


Now consider the liquid crystal 
cell with a thickness d which has a 
flat substrate surface. Each top and 
bottom substrate surface corresponds 
to straight lines on the Z-plane y=d 
and y=0 (x-axis). In this case it is 


convenient to represent it as . sin4y 
@ = Im@ = S-ytan = ; 
sin h - 
v= ox{4,] (7) n qe 
| sin+y | 
Formula (7) represents the liquid @ 3 tan" d 


crystal domain 0 < y < d of the Z- 
plane in the upper half of the w- 
plane (v 2 0). In this case, the x- 
axis which corresponds to the lower 
substrate is represented in the 
right half of the u-axis (u > 0), 
and the straight line yd which 
corresponds to the upper substrate 
is represented in the left half of 
the u-axis (u < 0). As a tangible 
example, let’s try to deal with the 
case in the upper and lower sub- 


Microelectronics 


strate surfaces, when |x| < a, ¢ = 
0, and when |x] > a, $= >i. 


With the boundary conditions in 
the w-plane, the u-axis condition 
becomes: 


exp(5a <jul $= >: 
exr{- |cucexp{ 5a d= 0, - 
|ul<exp(-—5 a) >= > 


~exp( 3 a}<u<-exp{-- a) > = 0 


The regular function of w, in which 
the imaginary part satisfies the 
conditions, is easily discovered. 
Using formula (7), and returning to 
the Z-plane, the following formula 
is obtained. 





= -t %_ (7- 
® 5 log tan h > (z-a) 


bg 
3d (z+a) + 4? 


(9) 
+ + log tan h 


According to this, the orienta- 
tion angle becomes: 




















sin hs (x+a) 
(10) 


However, tan takes the branching 
between 0 and nz. 


The calculated orientation is 
shown in Figure 1. 
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Figure 1. 


The noncontinuous lines in the 
anchoring in the substrate surface 
become a surface disclination of an 


exponent t=. Furthermore, orienta- 


tion such as in Figure 2 which sat- 
isfies the same boundary conditions 
also exists. 


- 
a 
— 
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E 
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Figure 2. 


However, when the elastic energy 
is calculated, the energy in this 
case exceeds that of the orientation 
in Figure 1, and the actual orienta- 
tion is the same as in Figure l. 
This is physically clear due to the 
adjoining of equivalent surface 
disclination of the signs and orien- 
tation of Figure 2. 


4. Application of the Schwarz- 
Christoffel Conversion 


If we use the Schwarz-Christoffel 
Conversion? which represents the 
polygon domain of the Z—plane on the 


upper half of the w-plane, the dis— 
order of the orientation as well as 
the unevenness of the substrate and 
the existence of angles can be ana- 
lyzed. This example is shown below. 


(4-1) When there is a peak of height 


"1" on the substrate, disregarding 
the thickness (Figure 3a) 


z —plane A 








p—on0 |] —$=0 
Figure 3a. 


According to the Schwarz-— 
Christoffel method, the regular 
function which represents the domain 
in Figure 3a in the upper half of 
the w-plane requires that 


z= tw?-1 (11) 


The Z-plane boundary conditions 
shown in Figure 3a are represented 
in the u-axis conditions as shown in 
Figure 3b. 





w- plane 
r « 
ih eh 
¢=0 6 =0 
i han La —> % 
-1 0 1 
Figure 3b. 


The regular function which satisfies 
this is shown below. 
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® = -$ log (w+1) + logw- = log (w-1) 


(12) 
When using the mapping function 
(11), ®(z) becomes 


®(z) = -log- $+. 1loa{(4)'+1} (13) 


According to this, the orientation 
angle becomes 


= Imd = ~tan*% += tan" 
(14) 


y-t + i tan? y+t 
os 2 x 


This shows that the orientation is 
the same when a disclination of 
exponent -£ in the origin (0,0) of 
the liquid crystal which expands 
infinitely, and a disclination of 


exponent += in all points (0,2) and 


(0,-2) exist. The orientation is 
shown in Figure 4. Furthermore, an 
orientation as shown in Figure 5 is 
possible as compared with the same 
physical boundary conditions. More- 
over, the elastic energy of the dis-— 
tortion in this case is the same as 
in Figure 4. 















































|| 
| 





















































































































































Figure 5. 
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(4-2) Orientation Disorder Due to 
Cell Angles. 


Using the Schwarz-Christoffel 
method, the function which repre- 
sents the rectangular domain of half 
infinity in Figure 6a in the upper 
half of the w-plane requires that: 


w= acos hoz (15) 


where "a" is a positive real number. 
On the other hand, the regular func- 
tion which satisfies the boundary 
conditiong of the w-plane (Figure 
6b) finds that 


® = - log (wea) +log (w-a) (16) 


Using the mapping function (15) 
and returning to the Z-plane results 
in: 
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4 
@(z) = log tan h>s2 (17) 


The orientation angle then becomes: 


. 19 
sin— 
wat (18) 


sin h5x 





@ = Im® = tan” 


Here as well, tan applies the 
branch between 0 and x. The calcu- 
lated orientation is shown in Figure 
7. In this case as well, regarding 
physically equivalent boundary con- 
ditions, different orientations 
exist as shown in Figure 8 and Fig- 
ure 9. 
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5. Conclusion 


As for the application of the 
theory of functions of the analysis 
of orientation of LCD which has been 
formulated, only the imaginary part 
|gf (called the orientation angle) 
of the regular function © has a 
physical meaning, while the real 
part ¢ does not hold a corresponding 
physical meaning. Because of this, 
there is no direct practical appli- 
cation in fluid dynamics and elec— 
tromagnetics. However, because the 
boundary of the domain is necessary 
for the calculation of the energy, 
the real part ¢, according to formu- 
la (6), has an indirect role but 
does not play an important role. It 
is possible to directly calculate 
the orientation through numerical 
calculation. However, the methods of 
this research were excellent from 
the perspective of providing a phys-— 
ical perspective in cases where 
application was possible. 


Lastly, I want to thank the 
Takayanagi Memorial Foundation for 
the Promotion of Electrical Engi- 
neering and Technology and affiliat— 
ed foundations for their great 
amount of help. 
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tions to the DAILY REPORTs or JPRS publications 
(hardcover or microfiche) at no charge through their 
sponsoring organizations. For additional information 
or assistance, call FBIS, (202) 338-6735,or write 
to P.O. Box 2604, Washington, D.C. 20013. 
Department of Defense consumers are required to 
submit requests through appropriate command val- 
idation channels to DIA, RTS-2C, Washington, D.C. 
20301. (Telephone: (202) 373-3771, Autovon: 
243-3771.) 


Back issues or single copies of the DAILY 
REPORTs and JPRS publications are not available. 
Both the DAILY REPORTs and the JPRS publications 
are on file for public reference at the Library of 
Congress and at many Federal Depository Libraries. 
Reference copies may also be seen at many public 
and university libraries throughout the United 
States. 
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